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1. Introduction  

The electrothermal-chemical (ETC) ignition system is continually being studied by a variety of 
research groups, including the U.S. Army Research Laboratory.  The Army’s interest in the ETC 
ignition system has been prompted by the demonstrated improved ballistic performance in terms 
of reduced ignition delays with a higher degree of repeatability and a tailored system which 
reduces the temperature sensitivity apparent in conventional gun systems. 

As a result of the enhanced performance witnessed in ETC systems, a host of studies have been 
conducted in an effort to understand the properties of ETC plasmas and their interaction with gun 
propellants.  Ultimately, it has been desired that the understanding of plasma properties will 
contribute to the development of design criteria for improved propellants and gun systems.  
Initial research efforts focused on large scale applications of plasmas (1–5).  Additionally, 
numerous studies have been conducted using small-scale experimental fixtures in an attempt to 
characterize the important properties of the plasma and its interaction with propellant (6–8).   

Capillary-sustained plasmas have received a great deal of attention recently in an effort to 
identify the ideal capillary properties (geometry and material) (9–10).  The present work is not 
fundamentally new.  However, these experimental studies have been prompted by a specific 
Army Research Office funded effort to model capillary-sustained plasmas.  Necessary to validate 
this modeling effort is a series of experiments in which the key parameters to be modeled are 
experimentally measured. 

The present work focuses on quantifying the capillary mass loss for two different capillary 
materials, three different capillary length/diameter (L/D) ratios, and across a range of plasma 
energies.  The model to be created, based on these experiments, will be used to investigate and 
optimize the plasma-generating hardware.  Additionally, as the desirable plasma characteristics 
are identified it will become increasingly important to couple that understanding with the 
modeling effort in order to minimize the size and power consumption of plasma electrical 
components.   

2. Experimental Setup  

Figures 1 and 2 illustrate the experimental fixture utilized in the present work.  A 25.4-mm (1-in) 
diameter outer insulator contained a 6.3-mm (1/4-in) hole which housed a variable length 
capillary tube and an inner insulator.  Both 23 and 38-mm long capillary tubes were investigated.  
The capillary tube outer diameters (ODs) were fixed at 6.2 mm; however, two different inner 
diameters (IDs) (3.2 and 4.1 mm) were considered.  The two different capillary tube lengths were 
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Figure 1.  Schematic of experimental setup. 

Figure 2.  Photograph of experimental setup. 

accommodated by adjusting the total length of the anode (brass rod + carbon disk) and the 
supporting inner insulator (see figure 1).  The capillary nozzle (mild steel, length = 11 mm,  
OD = 6.1 mm, and ID = 3.1 mm) served as the cathode which was electrically connected to the 
anode by a 0.10-mm (0.004-in) diameter aluminum fuse wire.  The mass of the aluminum fuse 
wire was 0.6 and 1.0 mg for the 23- and 38-mm capillary tubes, respectively. 
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The capillary-sustained plasma characteristics observed were produced by an electrical discharge 
directed across the aluminum fuse wire.  The system, which delivers the current across the fuse 
wire, includes a standard pulse-forming network (PFN) power supply.  The PFN power supply is 
used to charge a 1700-µF capacitor.  The system-charging voltage ranged from 680 to 1210 V 
with corresponding stored energies of 350 to 650 J in the experiments discussed here.  The 
current is delivered across the fuse wire producing the electrically-charged plasma.  From this 
system the resulting plasma pulse width was typically around 375 µs.  The discharge current is 
measured by integrating the output of a Rigowski coil, and high voltage probes are used to 
measure the voltage across the electrodes.  The carbon disk portion of the anode was introduced 
specifically because it has been shown to have minimal erosion (compared to other materials) 
characteristics in the plasma environment.  Thus, the carbon disk has minimal contribution to the 
nearby capillary-sustained plasma.  

Once the plasma is formed inside the capillary tube, the local pressure begins to rise and the 
plasma vents through the nozzle into open air.  The plasma is temporarily sustained and 
enhanced by ablating material from the capillary wall.  Two different materials (polyethylene 
[PE] and Teflon*) were used in the present experiments.  

Given that the mild-steel nozzle was subjected to the fast moving plasma, the nozzle mass was 
also recorded before and after each experiment.  

3. Experimental Results and Discussion  

A series of experiments was conducted in which the system voltage was varied and thus the 
energy input to the plasma.  In addition, the capillary material, length, and ID were varied.  
Table 1 summarizes the experimental results, noting the voltage, peak current through the 
electrical circuit, calculated peak energy and power, and the capillary mass loss details.  The 
“area” noted in the table refers to the inside surface of the capillary tube which is exposed to the 
plasma.  

Typical electrical measurements for the long (38 mm) and short (23 mm) capillary are shown in 
figure 3.  The 38-mm capillary electrical characteristics were similar for both the Teflon and PE 
capillary tubes.  As seen in the figure, only the voltage plot appears noticeably different.  It 
appears that the shorter capillary is not able to maintain the voltage in the same manner as seen 
in the longer capillary experiments. 

                                                 
*Teflon is a registered trademark of Dupont (Wilmington, DE). 
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Table 1.  Experimental capillary mass loss. 

Capillary Material  ID 
(mm) 

L 
(mm) 

Voltage 
(kV) 

Current 
(kA) 

Power 
(MW) 

Energy 
(kJ) 

∆Mass  
(mg) 

Area 
(mm2) 

∆/Area 
(mg/cm2) 

PE  3.2 38 1.21 2.40 2.96 0.63 4.5 382 1.18 
PE  3.2 38 1.13 2.09 2.49 0.53 3.5 382 0.92 
PE  3.2 38 0.97 1.47 1.51 0.34 2.5 382 0.65 
PE  4.1 38 0.93 2.47 2.25 0.51 3.5 490 0.72 
PE  4.1 38 Lost Lost Lost Lost 4.1 490 0.84 
PE  4.1 38 1.01 2.99 3.00 0.65 4.4 490 0.90 
Teflon  3.2 38 1.07 2.65 2.82 0.65 15.5 382 4.01 
Teflon  3.2 38 0.91 1.70 1.55 0.36 9.0 382 2.36 
PE  3.2 23 0.76 3.26 2.69 0.60 3.0 231 1.30 
PE 3.2 23 0.68 2.33 1.59 0.35 1.5 231 0.65 
PE 3.2 23 0.72 2.81 2.20 0.48 2.1 231 0.91 

 

Figure 3.  Typical electrical characteristics for 38- (left) and 23-mm (right) capillary-sustained plasmas. 

The mass loss data from table 1 is plotted in figure 4.  It is observed that the capillary tube 
ablates fairly consistently for PE.  There appears to be no noticeable dependence between 
capillary length and ID (or L/D) on mass loss for the power levels considered.  Less data are 
presently available on the Teflon capillary.  However, given the limited data, it appears the 
Teflon is more sensitive to changes in the plasma power when compared to the same sensitivity 
of PE.  A greater mass loss is clearly evident at similar plasma power levels for the Teflon vs. PE 
capillary.  

Table 2 lists and figure 5 plots the nozzle mass losses recorded for the present experiments.  
From the plot, it is observed that the ablating material (Teflon vs. PE) does not affect the nozzle 
erosion significantly.  It is also seen that erosion is greater for the larger ID capillary (4.1 vs. 
3.2 mm diameter).  Similarly, the nozzle erosion appears greater for the shorter capillary (23 vs. 
38 mm).  
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Figure 4.  Capillary mass loss vs. power input to plasma. 

Table 2.  Experimental nozzle mass loss. 

Capillary  Material  ID 
(mm) 

L 
(mm) 

Voltage 
(kV) 

Current 
(kA) 

Power 
(MW) 

Energy 
(kJ) 

∆Mass 
(mg) 

PE  3.2 38 1.21 2.40 2.96 0.63 Not recorded 
PE  3.2 38 1.13 2.09 2.49 0.53 13.0 
PE  3.2 38 0.97 1.47 1.51 0.34 4.3 
PE  4.1 38 0.93 2.47 2.25 0.51 20.1 
PE  4.1 38 Lost Lost Lost Lost 28.4 
PE  4.1 38 1.01 2.99 3.00 0.65 25.1 
Teflon  3.2 38 1.07 2.65 2.82 0.65 18.4 
Teflon  3.2 38 0.91 1.70 1.55 0.36 1.1 
PE  3.2 23 0.76 3.26 2.69 0.60 22.3 
PE  3.2 23 0.68 2.33 1.59 0.35 10.8 
PE  3.2 23 0.72 2.81 2.20 0.48 21.2 

 

4. Summary and Future Work  

Presented here are initial results from an ongoing parametric study of the ablation losses for 
capillary-sustained plasmas.  Initial observations indicate the capillary mass losses correlate with 
the power and energy input to the system.  Further, the Teflon capillary ablates 4–5× more 
material per surface area than does the PE capillary.  

The mild-steel nozzle demonstrated higher erosion losses for capillary having the larger ID and 
also the shorter length.  High-speed video of the plasma exiting the capillary may add insight on 
differences (mach disk strength, speed of precursor shock, etc.) in the plasma for these cases. 
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Figure 5.  Nozzle mass loss vs. power input to plasma. 

Future experiments will be conducted in which other fuse wire materials (nickel, etc.) are 
considered.  Also, experiments are planned in which longer plasma pulse width plasmas (present 
pulse width about 375 µs) are planned to determine possible effects this may have on the 
capillary mass loss.  High-speed video will also be utilized to qualify the plasma flow as it exits 
the capillary.  
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